Abstract. An integrated approach to the geomechanical characterization of coastal sea cliffs was applied at Mt. Pucci (Gargano promontory, Southern Italy) by performing fieldbased geomechanical investigations and remote geostructural investigations via a terrestrial laser scanner (TLS). The consistency of the integrated techniques allowed to achieve a comprehensive and affordable characterization of the main joint sets on the sea cliff slope. The observed joint sets were considered to evaluate the proneness of the slope to rock failures by attributing safety factor (SF) values to the toppleand wedge-prone rock blocks under three combined or independent triggering conditions: (a) hydrostatic water pressures within the joints, (b) seismic action, and (c) strength reduction due to weathering of the joint surfaces. The combined action of weathering and water pressures within the joints was also considered, resulting in a significant decrease in the stability. Furthermore, remote survey analyses via InfraRed Thermography (IRT) and Ground Based Synthetic Aperture Radar Interferometry (GBInSAR) were performed to evaluate the role of the surveyed joint sets in inducing instabilities in the Mt. Pucci sea cliff. The results from the remote surveys: (i) GBInSAR monitoring revealed permanent displacements coupled to cyclic daily displacements, these last ones detected in certain sectors of the cliff wall; (ii) the thermal images allowed us to identify anomalies that correspond well to the main joints and to the slope material released due to recent collapses.
Introduction
Due to the rapid development of coastal settlements and the increasing population located in coastal regions, substantial efforts are required to manage the possible risks associated with natural hazards in these areas (Pennetta and Russo, 2011; Montoya-Montes et al., 2012; Dewez et al., 2013; Epifanio et al., 2013; Marques et al., 2013; Stanchev et al., 2013) . It is estimated that more than 37 % of the world's population live within 100 km of the coastline and that 80 % of these shores are rocky (Emery and Kuhn, 1982) . In addition to coastal settlements, rapid landslides can be particularly dangerous for near-shore structures and infrastructure, such as oil platforms and submarine pipelines. These structures can be severely damaged by coastal landslides in both the detachment areas and the regions affected during propagation (e.g., Heezen and Ewing, 1952; Assier-Rzadkiewicz et al., 2000; Bozzano et al., 2011a; L'Heureux et al., 2011; Schulz et al., 2012; Force, 2013) .
Although they are not the most dangerous events, rockfalls, topples, and large collapses from sea cliffs are the most common slope instabilities in coastal regions. These events commonly involve small volumes (e.g., single blocks), but they may involve larger sizes, thus significantly increasing the risk to near-shore settlements and activities (Hampton et al., 2004) .
Furthermore, rockfalls are a fundamental component of landscape evolution in rocky coasts, contributing to a high erosion rate, which can reach several decimeters per year (Duperret, 2002 Lim et al., 2009; Rockfalls are a widespread problem on high coastal cliffs, and in certain regions, these cliffs represent a large percentage of the total coast. For example, 15 % of Italian coasts are rock cliffs. Furthermore, the prediction of coastal rockfalls is quite complex, and physical investigation is the most common approach for hazard assessment purposes.
Moreover, coastal landslides can be responsible for induced hazards such as in the case of tsunamis, as demonstrated by several recent events (e.g., Assier-Rzadkiewicz et al., 2000; Tappin et al., 2001; Papadopoulos and Kortekaas, 2003; Tinti et al., 2004; Mazzanti and Bozzano, 2011; Bregoli et al., 2013) . In such a contest, monitoring systems should be designed and adapted in terms of the following specific requirements: (i) to investigate or detect cliff slopes at different evolutionary stages (forward prevention), i.e., corresponding to different distributions the landslide hazard; (ii) to understand and control the parameters for forecasting the short-term evolution of gravitational instabilities (such as high-velocity landslides) and for the planning of alert systems (real-time prevention) . This paper reports the results of a detailed investigation carried out on a 45 m-high sea cliff for the assessment of its overall stability by examining different triggering processes. The sea cliff, located in the Gargano National Reserve (Southern Italy), is composed of fractured and weathered limestones and chalks and is frequently affected by rockfalls. Direct traditional geomechanical field surveys and remote laser scanner surveys were performed. More in particular, data collected from traditional field surveys in the surroundings of the inaccessible cliff were integrated with pervasive joint set characterization using a terrestrial laser scanner (TLS)-derived high-resolution point cloud as extensively presented in the scientific literature (e.g., Sturzenegger and Stead, 2009; Oppikofer et al., 2009 ).
In addition, short GBInSAR and InfraRed Thermographic (IRT) surveys were performed, thus trying to detect micromovements of localized blocks and a preliminary assessment of the rock mass thermal features, respectively.
The experienced investigations stimulate a discussion on how the combination of traditional and laser scanner surveys applied to sea cliffs can be integrated to provide more accurate and complete information, due to the peculiarities of the considered slopes.
Sea cliff investigation and landslide hazards
Among coastal slopes, high cliffs are of particular interest in terms of risk mitigation because of their complex evolution that involves the coupled action of marine erosion and gravity-induced slope instability (Hampton et al., 2004; Dickson et al., 2013; Della Seta et al., 2013; Mantovani et al., 2013) . In this regard, coastal hazards will probably be one of the major topics for society regarding natural risk management in this century for different reasons, including: the sea level rise, the effects on the inland river remove and the increasing anthropic pressure. This last feature is causing an increasing density of population distributed in the coastal regions and consequently an increasing exposure to natural risks (Mc Chulloug et al., 2013) , as proved by the recent disasters caused at the Maldives Islands and the Japan Honshu coasts by the 2004 and 2011 tsunamis, respectively, and at the Philippine Islands by the 2013 Hayan typhoon.
The high rate of occurrence of slope failures affecting costal cliffs is hazardous not only because of the direct effect of the falling masses but also as a result of induced effects, such as tsunamis (resulting from falls in the sea), shock wave propagation (resulting from falls on the shore), and the development of new fractures along the cliff edge.
To reduce the risk associated with these phenomena, advanced and multi-parameter techniques are now available for monitoring cliffs subject to erosion and sudden collapse. This approach requires the integration of geophysical and geological investigations to foresee a potential slope failure and to provide civil protection agencies with an effective tool to alert and secure people and structures exposed to the event.
Because of the morphology and height of coastal cliffs and their complex visibility, the installation of remote monitoring devices (e.g., TLS, GBInSAR, IRT) requires specialized technical implementation.
Field mapping of rock discontinuities is the most common approach for the analysis of rock cliffs. This classical geomechanical investigation allows the main joints to be characterized in terms of dip, dip direction, widening, the presence of gouge material, persistency, and other factors (see Hatheway, 2009 for a comprehensive review). Furthermore, the mechanical features of the rock mass, including the surface roughness and the rock compressive strength, can be assessed with field instruments and laboratory experiments. Nevertheless, high coastal cliffs are difficult to access directly and, therefore, cannot be easily and comprehensively investigated using traditional field methods (Cheryl and Hapke, 2004; De Vita et al., 2012) , resulting in high costs or, more often, low information density.
Cliff slope evolution is strongly conditioned by the geological setting and by the jointing conditions of the involved rock masses. Surveying these features and inventorying the slope instabilities enables the performance of statistically based analyses of the susceptibility of sea cliffs to rockfalls (Lee et al., 2001 (Lee et al., , 2002 Lim et al., 2010; Marques et al., 2011 Marques et al., , 2013 . In addition to the most common preconditioning and triggering factors that control rockfalls from inland cliffs (e.g., rainfall, earthquakes, cyclic temperature variations, plant root growth), further factors must be considered for coastal cliffs. For example, tidal variations, basal erosion induced by waves, and sea storms induce additional stresses on the rock mass (Senfaute et al., 2009; Violante, 2009; Katz and Mushkin, 2013 , and references therein). A basic conceptual model of the evolution of a sea cliff toward a coastal slope can be summarized in the following three steps (Fig. 1): 1. "Persistent sea cliff": A sea cliff evolves via progressive retreat as an effect of shoreline erosion due to sea waves. In this stage, the slope instabilities are primarily represented by rockfalls and toppling, i.e., gravitational instabilities characterized by impulsive and recurrent events.
2. "Seasonal sea cliff": The sea cliff is seasonally involved in marine erosion only as an effect of the strongest sea storms, and a talus deposit is formed during the non-storm periods.
3. "Coastal slope": The sea cliff is definitively abandoned by the sea, no marine erosion occurs except during exceptional storm events, a beach is formed that separates the old cliff from the present shoreline, and the slope retreat of the coastal slope is primarily due to sliding mechanisms, which cause a progressive decrease in the slope angle.
The model of the sea cliff evolution described above corresponds to a gradual reduction in the natural risks of the coastal area (Marques, 2008 and references therein) . With reference to the above-listed stages, it is possible to associate the "persistent cliff slope stage" with a natural risk consisting of impulsive rockfall events that affect the adjacent pocket beaches and, in the case of large volumes, induce tsunami waves. In addition, the instantaneous retreat of the cliff can drastically affect structures or buildings located along the sea cliff border.
In the "seasonal cliff slope stage", the natural risk is related to impulsive events that can affect an emerged beach, i.e., during the non-storm period, and they constitute a potential hazard for visitors.
Finally, the "coastal slope stage" corresponds to a minor risk for visitors because the landslide mechanisms are different. Typical preconditioning and triggering factors related to the sea action are no longer effective; hence, the instabilities are less abrupt. However, in this stage, larger landslides may occur, leading to major risks for structures or infrastructure located near the top of the cliff slope.
The evolution of a sea cliff toward a costal slope predisposes it to different landslide mechanisms (Hutchinson, 1988 (Hutchinson, , 1991 . In the "persistent sea cliff stage", the cliff retreat is characterized by stiff outcropping rocks characterized by high-angle primary joint sets. The progressive retreat and the resulting stress release cause the generation of secondary joint sets that are nearly parallel to the slope face and whose openings generally increase with decreasing distance from the cliff; these joints contribute to failures of the slope face, such as falls and topples. In the "seasonal sea cliff stage," the average rate of retreat decreases and the longer exposure of the cliff causes the weathering processes to occur more pervasively, predisposing the cliff to more intense instabilities during storms. Finally, in the "coastal slope stage", the secondary joint sets are not necessarily located parallel to the slope face, and intense weathering processes can occur that favor landslide triggers and control the strain rate of the sliding processes. The Gargano promontory is located in Southern Italy and its coastline is of particular interest from a naturalistic point of view, as it is part of a national park (instituted in 1991) about 121 000 ha in extent and which hosts several villages (including Peschici and Vieste among others) that are part of the cultural and touristic heritage of the Apulia region. The Gargano promontory is characterized by almost 150 km of coastline corresponding to sea cliffs for several tens of kilometers. The Mt. Pucci sea cliff is located on the northern side of the Gargano promontory, close to the village of Peschici. Mt. Pucci exhibits a hill-type relief with a maximum elevation of approximately 150 m a.s.l. (Fig. 2) . According to the wavemeter records, the most frequent sea storms in the Gargano promontory originate from the northeast, and the height of the strongest waves reaches 4 m, with a frequency of 10-25 %. Notably strong storms are only rarely recorded from the north, with a maximum wave height of 5.2 m (IS-PRA, 2012).
The Gargano promontory is a portion of the carbonatic Apulia Platform that represents one of the most important paleogeographic units of the middle-southern Italian Apennines (Bosellini et al., 1999) . This paleogeographic unit was formed during the Mesozoic (from the lower Jurassic up to the middle Cretaceous period) in Bahamas-like conditions, and it currently represents the most external domain of the Apennine Chain in the southern Adriatic area. According to Bosellini and Morsilli (1997) , beginning in the middleupper Cretaceous and throughout the Paleocene, the Apulia Platform was gradually destroyed due to the combined effects of eustatism (also responsible for many Paleocene emersion phases), tectonic uplift, and strong earthquakes. This destruction is evidenced by megabreccia deposits (Grottone deposits) and bioclastic turbidites (Peschici Fm.), which crop out widely in the Gargano area (Bosellini and Morsilli, 1997) .
The Gargano promontory area is characterized by EWoriented tectonic elements corresponding to transform fault lines (Billi and Salvini, 2000) and, in particular, it constitutes a horst involved in a wide anticline fold system with a WNW-ESE-oriented axis. This anticline structure is crossed by numerous left transtensive faults, with orientations varying from E-W to NW-SE. These faults are primarily concentrated in the southern portion of the area, corresponding to the anticline hinge. Among these elements, the Mattinata fault represents the main regional structure related to an evident local geomorphological landform (Billi and Salvini, 2000) and to many seismogenetic sources capable of earthquakes up to 6.4 M w (DISS3.1, 2010) that are expected with a recurrence interval from several hundred to several thousand years. Based on the CEDIT catalogue (Fortunato et al., 2012) , any earthquake-induced effects have been historically documented on the northern coast of the Gargano promontory. According to Bosellini and Morsilli (2001) In particular, the PSH and the SC Fm.s crop out on the Mt. Pucci sea cliff with a 30/10 (dip direction/dip) attitude in the strata. Field evidence reveals that the Mt. Pucci coastal cliff is widely involved in rockslides responsible for a clearly visible talus at the bottom of the slope (Fig. 3) . The main predisposing conditions for these instabilities are the subvertical face of the cliff and the intense erosion processes due to the sea, which continuously excavate the base of the cliff. Moreover, the visible weathering processes can be primarily related to intense thermal variation (both diurnal and seasonal) due to the north-facing aspect of the cliff as well as to the nebulized salt water from the sea waves.
The annual average rainfall measured at Vico del Gargano (close to Peschici) is 810 mm yr −1 , with an average annual temperature of approximately 15 • C (Polemio et al., 2000) .
Geomechanical analysis and terrestrial laser scanner survey
Based on the previously reported model of the evolution of a cliff slope toward a coastal slope, Mt. Pucci represents a persistent sea cliff, corresponding to the first stage of the abovedepicted evolution model. The geomechanical investigations in this study were focused on the reconstruction of the rock mass joint setting because it represents a fundamental feature that defines the failure model for the sea cliff during the initial stage, and on the evaluation of landslide susceptibility and the stability conditions of the slope.
Direct geomechanical survey
The geomechanical characterization of the calcarenites and the marly limestones that crop out on the Mt. Pucci coastal cliff slope (ascribable to the PSH and SC Fm.s, respectively) was carried out via a traditional geomechanical survey performed according to the ISRM (2007) standard. This survey was focused on evaluating and dimensioning both the rock mass jointing conditions and the strength properties. To this aim, the main joint sets of the rock masses together with their attitude, geomechanical properties (i.e., spacing, opening, jointing conditions, standard joint indexes J v and I b - ISRM, 1978 ISRM, , 2007 were measured as well as strength parameter values by using a Schmidt Hammer sclerometer and a Barton Comb. profilometer. Due to the reduced accessibility of the cliff slope, 11 geomechanical scanlines were performed on the surrounding cliff area (Fig. 2) , including nine on the PSH calcarenites and two on the SC marly limestones. Four other geomechanical survey stations were directly carried out by climbers on the wall of the coastal cliff slope where the PSH calcarenites crop out.
The poles of the measured joints were plotted using the "RockScience Dips -free demo version" code from the Schmidt equi-areal stereographic projection (lower hemisphere). The attitudes of the main joint sets were deduced, as suggested by ISRM (1978) , using Fisher concentration contour lines and attributing a joint set attitude if the concentration value was greater than 5 %. Following this approach, five main joint sets (J1 to J5) were recognized in the PSH calcarenites, and only two main joint sets were recognized in the SC marly limestones (see Table 1 for the joint set parameters). For both the PSH and the SC rock masses, the J1 set corresponds to stratification.
The strength parameter values of the joint sets were attributed according to the Barton and Bandis (1973, 1990) failure criterion. To this aim, the joint roughness coefficient 
Remote measurements: laser scanner surveys
Remote geomechanical surveys were performed using a laser scanner integrated with a high-resolution digital camera and supported by a D-GPS survey. Surveys were performed on 12 November 2010, using a Riegl VZ400 laser scanner combined with a Nikon D700 camera with a 14 mm lens and a luminosity of 1.2 and one GPS-Glonass unit (model Topcon Hyper Pro).
Laser scanner data were collected from two different scan positions to reduce the shadow zones and to obtain mm-scale accuracy of the detected points (Fig. 4) . Nevertheless, due to the difficult accessibility of the cliff and the unfavorable exposure of the cliff face, it was not possible to achieve a "shadow-free" point cloud. Optical markers were applied all around the surveyed area to align the data collected from the two scan positions and to translate the detected coordinates to the UTM-WGS84 coordinate system via the built-in GPS sensor (Fig. 4) . RGB colors of the detected points were collected by using a Nikon D700 digital camera integrated with the VZ400 sensor. Hence, a true-color point cloud of the cliff consisting of approximately 45 million points with a density of approximately 1 point/cm was derived (Fig. 5) .
Both manual and automatic analyses of the point cloud were performed to derive information on the joint pattern features. The AdHoc3D software (http://www.adhoc3d.com/ en/adhoc/) was used for the manual analysis, which was performed by two researchers to reduce the subjectivity in the identification of joints. Specifically, joint surface orientation was derived by manual selection of the operator of at least three points visually recognized as being located on the same joint surface.
Automatic analysis was performed using both the Split-FX-Free Demo Version (http://www.spliteng.com/split-fx/) and the Coltop3D-Free Demo version (Jaboyedoff et al., 2007) software (Fig. 6 ). Using the Split-FX software, the automatic analysis identified enough points to depict a surface whose attitude in space can be measured. The automatic surface identification was based on a user-defined threshold Table 4 . Geomechanical properties attributed to the recognized joint sets: JRC -joint roughness coefficient, JCS -joint compressive strength (Barton and Bandis, 1973, 1990) , σ n -normal stress acting on the joints, ϕ b -intact rock fiction angle, ϕ p -joint friction angle, ϕ p -residual joint friction angle, r/R -weathering joint ratio, ϕ p -weathered friction angle (De Vallejo, 2005 value of points that must all lie in the same plane. Specifically, both supervised (i.e., patches selected by the operator) and unsupervised analysis was performed and the results were then combined. Such an approach allowed us to perform detailed analyses of the entire outcropping cliff (by analyzing a large amount of surfaces in a few minutes) and represents an objective analysis. Furthermore, thanks to the high-density point cloud, information on small surfaces was derived. However, certain weaknesses in performing an "automatic analysis" must be accounted for. First, not all exposed surfaces can be identified, depending on their orientation with respect to the TLS point of view. Second, the sizes of the exposed surfaces used for the automatic recognition are crucial and their selection requires skilled evaluation by the operator. Moreover, the Mt. Pucci data were collected only on the eastern side of the cliff (Fig. 4) , and hence the rock joints with an approximately westerly dip direction cannot be identified. However, "manual analysis" allowed us to avoid certain limitations that affect the "automatic analysis", enabling us to characterize the stratification joint set in detail. Table 3 summarizes the main joint sets and their average spacing values derived from the remote measurements for the PSH and the SC Fm.s. Two main joint sets were identified in the SC Fm., and four main joint sets were detected in the PSH Fm.
All the available data, from both manual and TLS surveys, were used for computation of the J v parameter (Palmstrom 1982 (Palmstrom , 1985 (Palmstrom , 1986 (Palmstrom , 1996 Sen and Eissa, 1992) . J v values of 3.2 and 9.7 were estimated for the PSH Fm. and the SC Fm., respectively (Table 3) . Figure 7 displays the final stereo plots derived from the combined automatic and manual analysis of the TLS point cloud for the PSH Fm. and SC Fm., respectively. summarizes the geomechanical parameters attributed to all the distinguished joint sets.
Stability conditions of the Mt. Pucci sea cliff

Proneness to rock failures
The stability conditions of the Mt. Pucci sea cliff were analyzed by taking into account the results of the geomechanical surveys performed on the rock mass that crops out on the slope face. The primary (strata) and secondary (fractures) joint sets on the Mt. Pucci sea cliff play a fundamental role in controlling the slope instabilities. Three failure mechanisms were therefore considered for the slope stability analysis (Duncan and Christopher, 2004) by taking into account the attitude of the main measured joint sets: (1) rock plane sliding, (2) rock topples, and (3) rock wedge slides.
For each considered failure mechanism, a preliminary kinematic analysis was performed using the Markland (1972) tests for both slides and topples. The tests were performed by considering all of the possible combinations of joint sets and identifying those capable of meeting the established kinematic criteria. Moreover, to perform a more detailed kinematic analysis, four slope face orientations (dip direction/dip) were considered (355/80, 320/75, 345/70, and 300/60, as measured from east to west along the cliff wall). This selection was based on the point cloud provided by the laser scanner survey in addition to the average orientation of the sea cliff slopes (330/70).
The stability analysis was performed for these combinations of joint sets to attribute a safety factor (SF) under different destabilizing conditions. The analytic solutions were mathematically computed except for the rock wedge sliding, which was analyzed using the "Wedge Failure Analysis Version 2.0 free version" code.
The Markland tests provided the following outputs:
1. Kinematic compatibility with rock topples exists only in the case of the 355/80-oriented slope face by combining the sub-horizontal stratification set J1 with the sub-vertical joint set J3 of Table 4 and by considering all combinations with the other sets (J2, J4, J5) as lateral joints;
2. Kinematic compatibility with rock wedge sliding exists for all of the slope face orientations except for the PSH calcarenites alone and the combinations of joint sets reported in Table 5; 3. No kinematic compatibility exists with sliding rock failures.
Stability analyses
The stability conditions of the Mt. Pucci sea cliff were tested for rock topples and rock wedge sliding because these two mechanisms showed kinematic compatibility based on the Markland tests. The stability analyses were performed under static and pseudo-static conditions (i.e., considering seismic action). In addition, possible destabilizing factors were taken into account, such as static water pressure within the joint sets and weathering of the joints (the latter was applied to the rock wedge sliding mechanism only).
In the case of rock topples, considering the joint properties summarized in Table 4 , the stability chart of Fig. 8 (Goodman and Bray, 1977) demonstrates that stable conditions can be expected for the coastal cliff wall of Mt. Pucci under static conditions and without external actions (i.e., water pressures within opened joints or seismic forces).
Based on these equilibrium conditions, the static level of the water filling the subvertical set J3 should reach approximately 50 cm before causing block topples.
Moreover, if a pseudo-static acceleration k x is applied to the blocks, i.e., the weight force is deflected downslope, the critical pseudo-static acceleration k cr required to reach disequilibrium condition, and could cause block topples.
Based on the Goodman and Bray (1977) assumptions by simply taking into account a horizontal pseudostatic action (see the chart in Fig. 8 ), under static condition, the topple on an inclined plane occurs if
where b/h is the geometrical ratio of the rock block (i.e., b is the length and h is the height), and ψ is the dip angle of the basal plane. To report the equilibrium under critical conditions for a horizontal pseudostatic action we have to assume that
where tan α = k cr . So, it is possible to derive that tan α = |tanψ − tan β| = k cr .
According to Eq. (3), the average critical pseudo-static acceleration (k cr ) for triggering rock topples is equal to 0.25 g, which corresponds to a recurrence interval of approximately 1000 years for the Mt. Pucci area (INGV, 2006) . In the case of rock wedge sliding, the stability analysis was performed using the "Wedge Failure Analysis Version 2.0 free version" code and adopting the approach of Hoek and Bray (1981) . The wedge geometries were hypothesized by combining the five individuated joint sets; the presence of tension cracks only results in the 335/80 slope face orientation when considering the 358/90 joint set. The wedge dimensions are automatically computed by the software and considered for quantifying the inertial forces for evaluating the SF.
Because no rock wedges resulted for the SC marly limestones, the stability analysis was performed only for the PSH calcarenites. The results from the data reported in Table 5 show that stable conditions were found for all of the hypothesized joint set combinations under static conditions. Nevertheless, three possible destabilizing conditions were taken into account: (a) static water filling the joints, (b) seismic action, and (c) weathering of the joint surface.
The static action due to water filling of the joints (a) was taken into account by assuming distributions of isotropic stresses all around the block; such distributions were integrated along the joint surfaces to compute the incremental lateral forces exerted by the water. By increasing the water level within the joint, the critical conditions for the block equilibrium were determined, indicating a critical value of the water height (Zw cr ) that must be assumed for each wedge geometry, as summarized in Table 6 . From the results of this analysis, a few tenths of a centimeter of water filling can be responsible for causing disequilibrium conditions.
Since a jointed rock mass represents a discontinuous system it is possible to identify characteristic volumes of blocks isolated by joint sets; it is also reasonable to apply to the barycenter of the rigid rock blocks that are prone to failure a destabilizing pseudo-static force in order to evaluate their stability conditions by performing a limit equilibrium analysis, i.e., to assume a co-seismic failure if the pseudo-static threshold is exceeded. The pseudo-static seismic action (b) was considered by assuming a horizontal acceleration and computing the safety factor SF according to the simplified equations of Hoek and Bray (1981) :
where W is the weight force; R A and R B are the resistance forces acting normally to wedge planes A and B, respectively; ϕ av is the friction angle of the wedge joints (in this simplified equation, the value is the same for the two joints and is assumed equal to an average friction value); ψ i is the angle of inclination of the intersection line between the two wedge planes measured with respect to the horizontal line; ξ is the wedge opening angle (measured between the dip directions of planes A and B); and k x is the pseudo-static horizontal coefficient. According to Eqs. (3) and (4), the critical pseudo-static acceleration k cr was derived for each block geometry. Table 6 reports the SFs computed for the local pseudo-static horizontal acceleration corresponding to return times of 475 years and 2475 years, i.e., equal to 0.17 and 0.32 g, respectively (INGV, 2006) .
With respect to (c) the weathering of the joints, a theoretical reduction in the strength values was assumed depending on the weathered friction angle ϕ wth and computed with the following empirical equation (De Vallejo, 2005) :
where R is the Schmidt sclerometer rebound value obtained for an intact joint, r is the Schmidt sclerometer rebound value obtained for a weathered joint, and ϕ b is the internal friction angle of the intact rock. The SF r/R values computed under weathered conditions (i.e., by assuming different values of the r/R weathering ratio) demonstrate that unstable conditions for the blocks are generally reached if the r/R ratio is lowered to 60 % of its max value (Table 6 ), i.e., corresponding to a highly significant reduction in the strength values with respect to the intact joint.
However, if a combined action due to weathering and static water filling of the joints is assumed, the computed SF values exhibit a different behavior: when a less than 60 % reduction in joint strength due to weathering is considered, unstable conditions are generally reached for water levels lower than 47 % with respect to those required to cause unstable conditions in the case of intact joints.
GBInSAR and IRT survey
In order to get additional information about the cliff proneness to failure we experimentally performed short-term monitoring by GBInSAR and TLS remote-sensing techniques. GBInSAR (also referred to as TInSAR) has been extensively used since the early 2000s for the monitoring of landslides (among others, Pieraccini et al., 2002; Tarchi et al., 2003; Antonello et al., 2004; Noferini et al., 2005; Bozzano et al., 2010 Bozzano et al., , 2011 Crosetto et al., 2013; Bozzano et al., 2013 Bozzano et al., , 2014 . However, instead of the numerous studies on landslides, few applications of GBInSAR to the monitoring of landslides in coastal areas exist (Intrieri, 2013 and references therein, Hermanns et al., 2013 and references therein) and even less to the analysis of rock cliffs (Mazzanti and Brunetti, 2010) . Furthermore, few studies have been done on the rigorous integration of GBInSAR maps with TLS point clouds in order to achieve an easier and correct visualization of GBInSAR maps (Tapete et al., 2013) .
On the other hand, IRT has been used, especially in the last few years, for characterizing rock masses and their jointing conditions Teza et al., 2013) .
A comprehensive description of the GBInSAR and IRT surveys performed, data analysis and results is presented below. 
GBInSAR survey
A continuous GBInSAR monitoring survey with a sampling rate of about five minutes was performed from 10 November to 12 November 2010, using Ku band IBIS-L SAR equipment, manufactured by IDS S.p.A., installed in front of the Mt. Pucci cliff at distances ranging from 80 to 150 m (Fig. 4) . 442 SAR (synthetic aperture radar) maps characterized by a range and cross-range resolution of approximately 0.5 × 0.5 m were collected over the entire monitoring period.
The overall SAR data set was analyzed by using standard differential and multi-image processing methods (Luzi, 2010) and by the advanced "PtoP approach" specifically developed by Mazzanti and Brunetti (2010) for the analysis of rock masses. By this approach, atmospheric phase contribution is removed by alternatively positioning ground control points (GCP) on the different rock mass sectors across the main joints and, thus, computing local differential displacements, by assuming a negligible atmospheric phase variation. By this processing approach, the eventual displacement of the overall cliff is neglected and the analysis is only focused on localized anomalies that can be detected with a decimal mm accuracy.
Considering the unfavorable positioning of the SAR system with respect to the cliff orientation (anyway the only one where installation was feasible), and the potential coarse ground range resolution due to foreshortening effects, a dedicated georeferencing survey by an artificial corner reflector alternatively positioned on the cliff during the SAR acquisition time was performed. Data collected during the georeferencing survey allowed us to overlay the 2-D interferogram rigorously onto the 3-D point cloud with a precision of less than 1 m.
Micro-movements affecting the cliff were detected during the 3 days of monitoring, presumably ascribable to thermal effects on released blocks, even if no direct control data are available to support this hypothesis. However, such data were useful for identifying and localizing portions of the cliff affected by micro-movements (Fig. 9 ).
IRT survey
IRT surveys were performed from 10 November to 12 November 2010, using a NEC TH7700 camera characterized by a low 320 × 240 pixel resolution (corresponding to about 0.5 to 1 m resolution on the cliff) and a nominal accuracy of 0.1 • C. Thermal images were collected at different times from two different sensing sites (Fig. 4) , thus achieving wider coverage of the overall cliff and allowing us to investigate the thermal variations of the cliff under different sunlight conditions. Both absolute temperature (Fig.10 ) and thermal changes with time were obtained. Images were firstly cor- rected for geometric distortions by traditional methods based on ground reference points and then overlaid with optical images collected by high-resolution photo camera by achieving an overlapping accuracy ranging from a few cm to a few tenths of cm depending on the different location portions of the cliff (due to the different geometry of the cliff, the different perspective conditions and the distance from the viewpoints). Anyway, it is worth noting that the mean overlapping value is below the pixel resolution accuracy of the thermal images. By a simple dedicated MATLAB algorithm differential values were computed for each pixel among images collected at different times.
Mean temperatures ranging from 10 to 18 • C were found in different sectors of the cliff (Fig. 10) , while differential values on the same sectors did not exceed the value of 3 • C.
Discussion
At the Mt. Pucci sea cliff direct traditional geomechanical survey and remote measurements were integrated to perform a geostructural survey that led to a slope stability analysis focused on rock topples and wedge block sliding.
A comparison between Tables 1 and 3 shows that the joint set data derived from traditional field surveys and from traditional geomechanical scanlines are quite similar, except for the secondary joint set J2 for the SC Fm. This difference may be related to the distance between the unique available field geomechanical station on the SC Fm. and the Mt. Pucci sea cliffs (Fig. 2) . As a matter of fact, the inaccessibility of the cliff and the geological setting of the area did not allow to find SC Fm. outcrops close enough to the investigated area in order to be assumed as not affected by local structural controls (see Fig. 2 ). These results confirm the reliability of geostructural results derived from the TLS data analysis and the importance of integrating field measurements and TLS data both for complementing the information and for crosschecking the validity of achieved results.
Moreover, short-term monitoring via GBInSAR and IRT pointed out the role of the surveyed joint sets in inducing instabilities in the sea cliff, as the thermal images allowed for the identification of certain positive and negative anomalies that correspond to the main joints and to parts of the cliff slope affected by recent collapses, i.e., corresponding to clearly visible scars. A similar application of the IRT was experienced also to historical buildings for detecting discontinuities beneath the surface, such as windows, fractures, structural connections or thinner cover (Fanou et al., 2012) ; the structural discontinuities were associated with the observed thermal anomalies, i.e., not considering the absolute value of the measured temperatures on the building faces, and they were interpreted as a sort of difference in heat efficiency by the building structure.
According to Jaboyedoff et al. (2012) , these results confirm the reliability of remote geostructural surveys to constrain rock slide geometries well; in this way they contribute to forecasting possible rock failure mechanisms and to evaluating the stability conditions of the rock masses prone to failure (Zhang et al., 2010) . Nevertheless, remote surveys are commonly applied to mountain cliff slopes (Jaboyedoff et al., 2007; Oppikofer et al., 2009; Sturzenegger and Stead, 2009) , where a more appropriate view of the cliff can be achieved. On the opposite, sea cliffs are generally scanned from a lateral point of view and such an unfortunate view can reduce the efficacy of both geometric reconstruction of the cliff and joint set identification and characterization. The combination of manual and supervised automatic detection of joint surfaces by the operator on the TLS-derived point cloud has been demonstrated to be effective for the identification of surfaces not clearly detectable by the fully automatic analysis. Moreover, to perform the slope stability analyses mechanical properties are requested that cannot be provided by remote survey. For the above reasons, this work confirms that an integrated approach combining direct and remote surveys is necessary to provide a good and reliable geostructural rock mass characterization.
Looking at the Mt. Pucci cliff, as it resulted from the geostructural surveys, rock topples and rock wedge sliding can be expected, as also demonstrated by the observed shape of the detachment areas corresponding to recently fallen blocks.
Based on the geostructural constraints, typical geometries for topples and wedge blocks were derived and pseudo-static as well as hydrostatic destabilizing forces were considered (i.e., representative of effects related to seismic waves and water filling the joints). Moreover, since the Mt. Pucci slope is also exposed to sea water atomized by the waves breaking at the bottom of the cliff, a strength reduction due to the weathering was considered.
The results from the performed stability analyses showed that several blocks could potentially lead to instability conditions. The coupled GBInSAR and IRT monitoring was herein used as an additional source of information useful to better prioritize potentially unstable blocks and sectors of the cliff on the basis of additional indicators of stability (i.e., micro-movements, thermal anomalies). The high accuracy of micro-movements detectable by the GBInSAR system by using the "PtoP" processing approach can be very useful for identifying indicators of displacement related to external agents (e.g., temperature). However, on the other hand, we cannot neglect that the unfavorable sensing position of the GBInSAR system significantly reduces its efficacy in detecting displacement as the LOS (line of sight) is significantly inclined with respect to the expected movement of the rock mass. This point has several implications for the application of GBInSAR measurements for the investigation of sea coastal cliffs. In spite of the above-mentioned limitation, cyclic LOS movements with a daily base ranging from 0.5 to 1.2 mm were detected at certain locations and tentatively attributed to the thermal variation of the rock mass due to different sunlight conditions. Cyclic movements could lead to local failures (Vlcko et al., 2009; Hatzor and Bakun Mazor, 2013 ) when combined with destabilizing actions (i.e., earthquakes, water pressures) or conditions (i.e., strength reduction for weathering), as suggested by the performed slope stability analyses.
Thermal images collected by IRT can be qualitatively used to support the above-mentioned hypothesis. As a matter of fact, the comparison between Figs. 5 and 10 shows that a high concentration of thermal anomalies (i.e., positive and negative values with respect to the mean value) corresponds to the western portion of the sea cliff affected by recent detachments of blocks. Moreover, another relevant thermal anomaly coincides with a wide detachment area, i.e., where the block failure already occurred.
The findings reported here lead to the suggestion that the experienced monitoring techniques can contribute to both the available approaches devoted to risk management: (i) the "deterministic approach" that consists on analyzing the recorded data with respect to a geological model of the natural system (Angeli et al., 2000; Prestininzi et al., 2012) and providing different levels of sensitivity with respect to possible failure or yielding scenarios; (ii) the "statistical approach" that consists on carrying out a cloud multiparametric analysis (a multisource strategy of investigation) by analyzing all of the collected data in terms of anomaly recurrence (Travelletti et al., 2008; Bigarrè et al., 2011) and associating the critical conditions of the natural system with these anomalies, i.e., without relating them to an interpretative model but strongly constraining it by the redundancy of the independent records.
Regarding the deterministic approach, as the cliff gradually evolves toward a coastal slope, the landslide mechanisms change, and the existence of an emerged beach favors monitoring with remote techniques. More in particular, the GBIn-SAR and IRT remote monitoring applied here can be helpful for better constraining the failure mechanism if they are integrated among them so providing suitable indications on the location of possible failure occurrence (Blikra et al., 2005; Bornhold and Thomson, 2012) .
Moreover, remote sensing devices installed on sea cliffs could be efficiently associated to direct precursor monitoring systems (Amitrano et al., 2005; Senfaute et al., 2009; WustBlock, 2010; Lenti et al., 2012) to detect the temporal evolution of instability processes in order to frame the integrated operating systems within alert strategy for real-time prevention.
Conclusions
The present study demonstrates the reliability of an integrated approach to the geomechanical characterization of rock sea cliffs for the analysis of slope stability conditions. To this end, a detailed analysis of the 45 m-high Mt. Pucci sea cliff (Gargano promontory, Italy) was performed using different survey techniques and analytical stability methods.
The combination of traditional geomechanical surveys and remote geostructural investigations using a TLS point cloud allowed us to produce a comprehensive and affordable characterization of the main joint sets, which leads to the identification of the kinematic proneness to rock failures and to the constraint of the reliable failure mechanisms for performing slope stability analyses.
Independent evidence of ongoing effects (i.e., displacements) or conditioning factors (i.e., joint concentration or anomalies in the rock mass property distribution) were investigated by integrating GBInSAR and IRT techniques.
The performed slope stability analysis showed that the Mt. Pucci sea cliff is prone to rock failures mainly consisting in topples and wedge sliding, while no kinematic compatibility exists with sliding rock failures. SFs were computed by taking into account the weathering of the joints and the hydrostatic pressure due to water filling the opened cracks as well as in the case of local pseudo-static horizontal acceleration corresponding to return times of 475 and 2475 years. Moreover, as it results from the stability analysis performed by assuming a combined action due to weathering and static water filling the joints, if a less than 60 % reduction of joint strength due to weathering is considered, unstable conditions are generally reached for water levels lower than 47 % with respect to those required to cause unstable conditions in the case of intact joints.
The Mt. Pucci case study pointed out the complexity and limitations of the use of terrestrial remote sensing in coastal environments due to the partial and side visibility of the cliffs. Nevertheless, the obtained results lead to a promising perspective in the integrated application of remote monitoring techniques for the investigation of coastal cliffs. They also encourage the integration of remote-sensing devices with other typologies of monitoring systems (such as the micro-seismic and geotechnical ones) for an early-warning strategy applied to sea cliff slopes.
